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Unaltered anionic sites of glomerular basement membrane in aminonu-
cleoside nephrosis. Quantitative electron microscopic autoradiography
was employed to determine the changes in the binding of '251-cationic
ferritin (CFI, p1 — 7.2 to 7.4) to the anionic sites of the glomerular
basement membrane (GBM) of rats following the induction of nephro-
sis. Animals were rendered nephrotic by a single intravenous injection
of puromycin aminonucleoside (PAN) and sacrificed 0, 7, 14, and 21
days after its administration. CFI (10 mglmCi/l00 g body weight) was
given intravenously. The kidneys were subsequently fixed by perfusion
and processed for electron microscopic autoradiography. The mean
grain densities over the GBMs on 0, 7, 14, and 21 days of PAN
nephrosis were 1.50 0.04, 1.49 0.05, 1.50 0.05, and 1.51 0.04,
respectively. These results indicate that there are no significant alter-
ations in the anionic sites rich in heparan sulfate proteoglycan during
the entire course of PAN nephrosis.
Non-alteration des sites anioniques de Ia membrane basale glomerulaire
dans Ja népbrose aux aminonucléosides. L'autoradiographie quantitative
en microscopie électronique a été utilisée pour determiner les modifica-
tions de Ia liaison de Ia ferritine 1251 cationique (CFI, p1 - 7,2—7,4) aux
sites anioniques de Ia membrane basale glomérulaire (GBM) de rats,
après induction d'une néphrose. Les animaux ont été rendus néphrot-
iques par une injection unique intraveineuse de puromycine aminonu-
cléoside (PAN) et sacrifiés 0, 7, 14, et 21 jours après son administration.
CFI (10 mg/mCi/100 g poids corporel) a et donné par voie intravein-
euse. Les reins ont ensuite été fixes par perfusion, et prepares pour
autoradiographie en microscopie électronique. Les densitCs granulaires
moyennes sur les GBM auxjours 0, 7, 14. et 21 dans Ia ndphrose a PAN
étaient de 1,50 0,04, 1,49 0,05, 1,50 0,05, et 1,15 0,04,
respectivement. Ces rdsultats indiquent qu'il n'y a pas d'altérations
significatives des sites anioniques riches en proteoglycan héparine
sulfate pendant Ia totalité de l'évolution de Ia ndphrose par PAN.
The glomerular basement membrane (GBM) contains a lat-
tice-like network of anionic sites [1—4] rich in heparan sulfate-
proteoglycan (HS-PG) [5—71. These anionic sites of the GMB
are believed to regulate the flow of plasma macromolecules
across the GBM since their removal results in an increase in the
permeation of anionic proteins such as ferritin and albumin [8,
9]. It has been suggested that the proteinuria observed in
aminonucleoside nephrosis may be a direct result of the loss of
such sites either by a decrease in the synthesis, or an increase in
the degradation, of their constituent HS-PG [10—12]. Past
investigators presented evidence which indicated that this, in
fact, may be the case by showing a decrease in the binding of
the cationic probes, lysozyme and alcian blue, to the GBM of
nephrotic rats [10, 11]. By contrast, utilization of other cationic
probes which included cationic ferritin (CF), cytochrome-c, and
ruthenium red failed to reveal any such loss in binding [13]. The
serious limitation in each of these studies has been the lack of
quantitative data. As a result, in the present investigation of
radioiodinated analog of CF (C F!) was prepared and the level of
its binding to the GBM, at saturation conditions, was deter-
mined in both normal and nephrotic rats by quantitative elec-
tron microscopic autoradiography. The results reveal that there
is no loss in the density of the anionic sites of the GBM in
aminonucleoside nephrosis and clearly establish that the pro-
teinuria observed in this condition is not a result of the loss of
intrinsic GBM polyanion.
Methods
Materials. Materials used were purchased as follows: puro-
mycin aminonucleoside (PAN) from Sigma Chemical Co. (St.
Louis, Missouri); horse spleen ferritin, 2X crystallized (cadmi-
um free), from Calbiochem (San Diego, California), Na'251 from
Amersham Corp. (Arlington Heights, Illinois); and emulsion
from Polysciences, Inc. (Ilford L-4, Warrington, Pennsylvania).
Animals in the study were male Charles River CD® rats
weighing 100 to 150 g.
Preparation of 25I-cationized ferritin (CFI). Horse spleen
ferritin (p1 — 4.9) was modified by the carbodiimide reaction to
achieve a final p1 of— 7.2—7.4 (CF with this p1 selectively binds
to the anionic sites of the GBM [4]). The resultant CF was then
iodinated by the lactoperoxidase-glucose method [9] and the
free iodine was removed by passing the iodinated product
through a G-50 Sephadex column. The efficiency of iodination
was — 90%. The CFI was lyophilized, reconstituted in 0.15 M
NaC1, and centrifuged at 15,000 rpm for 30 mm to remove any
aggregates; the p1 was redetermined. No change in the p1 of the
CF was observed after the iodination procedure. The CFI (p1 —
7.2—7.4) like CF (p1 7.2—7.4) has been shown to bind
selectively to the anionic sites of the GBM rich in heparan
sulfate [14].
Induction of nephrosis. Twenty animals were given a single
intravenous injection of PAN (15 mg/100 g of body weight [15,
16]). Five animals that served as control rats were sacrificed on
day 0. The remaining animals were sacrificed in groups of five 7,
14, and 21 days following the administration of PAN. The 24-hr
urinary protein excretion was determined for each animal prior
to sacrifice [17].
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Experiments with 1251-cationic ferritin (CFI). CFI (10
mg/mCi/l00 g of body weight) was introduced via saphenous
vein over a period of 2 to 3 mm. Twenty minutes later the
animals were anesthetized, the left kidney was flushed with 0.15
M NaC1 for 1 to 2 mm, and then perfused, fixed with Kar-
novsky's aldehyde fixative. Small (1 mm3) pieces of cortex
were obtained and processed for electron microscopic autoradi-
ography [14].
Preparation of electron microscope autoradio grams. For
electron microscopic autoradiography, silver-gold sections
were cut on a microtome (Reichert Ultracut, Vienna, Austria),
placed on collodion coated slides, and coated with a monolayer
of L-4 emulsion. After a 1-month exposure period in light tight
boxes at 4°C, the slides were developed in D-19 for 2 mm. The
sections were then processed to grids by the solid substrate
method of Salpeter and Bachman [18] and stained with uranyl
acetate for 5 mm and counterstained with lead citrate for 3 mm.
Sampling. For each animal group, a total of ten capillary
loops from two to three glomeruli for each of the five animals
were photographed on an electron microscope (Jeol 1 OOCX) at a
magnification of x 5,000 and printed at a final magnification of
x15,000. This resulted in the surveying of 12 to 15 glomeruli
and generation of 50 micrographs from each animal group.
Determination of CFI binding to the GBM. The relative
binding of CFI to the GBM of control and nephrotic rats was
determined by computing the grain density (concentration of
radiation) of the GBM in the sampled capillary loops as follows:
First, the total number of autoradiographic grains directly over
the GBM was determined by the best fit circle method of
Salpeter and Bachman [18]. Next, the relative area of the
sampled GBM was ascertained by placing a transparent overlay
containing a network of points spaced 1 cm apart over each
micrograph and tabulating the number of points directly over
the GBM. The number of such points is proportional to the
relative area of the GBM [19]. Finally, the grain density was
computed by dividing the total grains by the total area points. A
separate grain density was computed for the sampled capillary
loops of each animal and the mean grain density was then
determined.
Results
The morphological alterations in PAN nephrosis have been
described previously by numerous investigators [15, 20] and
need not be mentioned here. Twenty-four hour urinary protein
excretions, on days 0, 7, 14, and 21 of PAN nephrosis, were
0.41 0.05, 282.50 28.53, 128.00 30.73, and 30.33 3.86
mg/100 g of body weight, respectively. This range of proteinuria
on respective days reflects the typical course of PAN-induced
nephrosis [15].
The qualitative electron microscope autoradiograms revealed
decoration of the anionic sites by silver grains along the
glomerular capillary wall (Fig. 1). No significant differences in
the labelling of the anionic sites were observed between 0, 7, 14,
and 21 days of PAN nephrosis.
The quantitative electron microscope autoradiograms con-
firmed the findings observed by light microscopy (Fig. 2). Even
in the denuded regions of the GBM the distribution of the
anionic sites remain unaltered (Fig. 2C). The mean grain
densities of the GBMs on 0, 7, 14, and 21 days of nephrosis
were 1.50 0.04, 1.49 0.05, 1.50 0.05, and 1.51 0.04,
respectively (Table 1).
Discussion
The quantitative autoradiographic data obtained in this inves-
tigation indicate that the H S-PG rich anionic sites of the GBM
remain unaltered during the entire course of PAN nephrosis.
The results substantiate previous qualitative observations in
which the binding of the cationic probes CF, cytochrome-c, and
ruthenium red (RR) to the anionic sites of the GBM of PAN-
nephrotic rats remained unchanged relative to normal animals
[13]. They are, however, at a variance with the results obtained
by other investigators where lysozyme and alcian blue were
used as cationic probes and where a loss in binding of these
probes to the GBM was in fact observed [10, 11]. These
discrepancies are difficult to reconcile because of the heteroge-
neity of the probes and experimental conditions used. A possi-
ble explanation for these discrepancies could reside in the
differential affinities of the various probes for the different
polyanionic groupings of the glomerular capillary wall. In this
regard, both lysozyme and alcian blue interact with the sulfate
groups of the anionic sites of the GBM as well as with the
sulfate and polycarboxylate groups of the epithelial and endo-
thelial cell surface-associated sialoglycoproteins. By contrast,
CF (or CFI) of p1 — 7.2—7,4, under in vivo conditions, is specific
for the sulfate groups of the anionic sites alone, as revealed
morphologically by the fact that it binds only to the anionic sites
and that such binding is lost following digestion of the anionic
sites with the enzyme heparitinase [5, 8, 14]. As a result, the
loss of lysozyme and alcian blue binding previously reported in
PAN-nephrosis could be due to a loss of polyanionic groupings
of the glomerular capillary wall other than the anionic sites of
the GBM, because these probes are not entirely specific for the
latter sites. The fact tht CF or CFI of p1 7.2—7.4 is specific for
the anionic sites of the GBM implies that it is the probe of
choice to investigate changes in the numerical density of these
sites in various experimentally induced or clinical nephrotic
conditions.
The CFI data of the present investigation are also at a
variance with the results obtained with immunoperoxidase
techniques [12] It should be noted that the immunoperoxidase
technique is qualitative with variable staining characteristics.
The dubiousness of the immunoperoxidatic data is further
complicated by the fact that the investigators used an intrave-
nous application of the antibodies to glomeruli and utilized the
antibodies more or less like tracers. To use intravenous tracers,
one needs to know their physico-chemical characteristics (p1?)
since the latter could influence the glomerular hemodynamics
and filtration rate (GFR) which, in turn, would affect the
delivery of the tracers/antibodies to the GBM. This is a perti-
nent consideration in view of the fact that GFR in PAN
nephrosis is reduced [21] and thereby would interfere further in
the accessibility of the antibodies to the GBM especially if they
can cause alterations in the hemodynamics of the glomerulus.
The data of Mynderse et al [12] regarding the physico-chemical
characteristics (p1?) of the antibodies and their accessibility to
the GBM are lacking and thus remain to be investigated before
the differences can be reconciled one way or another. In the
present investigation, it seems that the delivery of CFI (a probe
which is well characterized and has a p1 close to that of the pH
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Fig. 1. Representative low power electron microscopic autoradiograms of glomeruli obtained from day 0 (A), 7 (B), 14 (C), and 21(D) of PAN
nephrosis. No significant qualitative differences in the grains present over the &omerular capillary walls were observed. (X2,000)
of plasma) to the GBM was equal in both the control and
nephrotic animals since the numerical grain densities in either
case remained the same, thereby indicating that: (I) the delivery
of CFI was unaffected under nephrotic state and (2) the CFI
itself did not cause any significant alterations in the hemody-
namics of the glomerulus.
The utilization of CFI in the present investigation clearly
reveals that the proteinuria that occurs in PAN-nephrosis
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Table 1. CFI labelling of the anionic sites of the glomerular basement
membrane
Day
Animal
number
Total
grains
Total area
points Grain density
1 197 129 1.52
2 253 169 1.49
0 3
4
5
215
201
253
145
129
169
1.48
1.55
1.49
(1.50 0.03)a
1
2
245
230
167
155
1.46
1.48
7 3
4
5
210
220
194
146
140
126
1.43
1.57
1.53
(1.49 0.05)a
1
2
196
202
126
137
1.55
1.47
14 3
4
5
234
223
215
150
152
147
1.56
1.46
1.46
(1.50 0.05)a
I
2
202
198
131
128
1.54
1.54
21 3
4
5
185
268
240
121
178
166
1.52
1.50
1.44
(1.51 0.04)a
a Mean SD.
cannot be linked to a disruption in the lattice-like network of
GBM anionic sites, rich in HS-PG. The question that still
remains unanswered therefore is the etiology of the proteinuria
in PAN nephrosis. It is tempting to hypothesize that it is caused
by a reduction in the GBM polyanion which consequently
reduces the charge barrier properties of the GBM and results in
enhanced leakage of plasma proteins across the glomerular
capillary wall. However, in the light of the present findings this
hypothesis seems unlikely. Rather, as indicated in previous
studies, the proteinuria is most likely either due to the loss of
cell surface-associated sialoglycoproteins [22—24] or due to the
detachment of the foot processes from the underlying GBM [15,
16] leading to a reduction in cell surface-associated anion as
well as possible concomitant disruption in the hemodynamic
flow conditions through the glomerular capillary bed, thereby
allowing plasma proteins to escape into the urinary space. This
should not be taken to indicate that the GBM anionic sites and
their constituent HS-PG are uninvolved in regulating the pas-
sage of plasma macromolecules across the glomerular capillary
wall, because recently obtained evidence indicates that in fact
they do play a role in this process since the removal of HS-PG
Fig. 2. Representative high power electron microscopic autoradio-
grams of the glomerular capillary loops (Cap)from days 0(A), 7(B), 14
(C), and 21 (D) day of PAN nephrosis. No significant quantitative
differences in the grains present over the glomerular basement mem-
brane (B) were observed. The denuded regions of the GBM do not show
any change in the distribution of anionic sites (C, area marked with
asterisks). Abbreviations are: US, urinary space; fp, foot process; Ep,
epithelium; En, endothelium. (x 30,000)
from the GBM by enzyme digestion increases the permeability
of the GBM to both native ferritin and albumin [8, 9]. Rather,
the anionic sites should be viewed as discriminators capable of
regulating the passage of plasma macromolecules across the
GBM and protecting the GBM from being clogged by these
same macromolecules [25] only when the structural integrity of
the glomerular capillary wall remains intact and normal hemo-
dynamic conditions prevail. Disruption of the latter parameters
would then be expected to override the properties of the anionic
sites and lead to frank proteinuria [16].
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